11 12 13 2 Uncovering how and why animals explore their environment is fundamental for understanding 14 population dynamics, the spread of invasive species, species interactions etc. In social animals, 15 individuals within a group can vary in their exploratory behavior and the behavioral composition 16 of the group can determine its collective success. Workers of the invasive Argentine ant 17 (Linepithema humile) exhibit individual variation in exploratory behavior, which affects the 18 colony's collective nest selection behavior. Here we examine the mechanisms underlying this 19
Introduction 37
Exploratory behavior is fundamental for how animals interact with their environment. Animals 38 explore new environments when they disperse from their natal habitat (Stamps, 2001) , expand 39 their home range (Onen and Hanski, 2006) , and search for new resources (Kramer and Weary, 40 1991). For example, exploratory individuals of invasive species can be responsible for expanding 41 the invaded range (Cote et al., 2011; Fogarty et al., 2011) . Despite the advantages of exploring the collective exploration of L. humile can help predict where they will spread to next and aid 94 mitigation of further spread. 95 Here we ask if individual variation in exploratory behavior is persistent and whether 96 colonies of L. humile allocate exploratory individuals to where they are most needed and during 97 the times of year when they are most beneficial to the colony. First, we examine if individual 98 workers maintain the same exploratory behavior over days and across different assays for 99 exploratory behavior. We then ask if there is a relationship between exploratory behavior and the 100 expression of the FOR gene. We predict that because foraging behavior requires extensive 101 movements outside the nest and the FOR gene is downregulated in foraging ants (Ingram et al., 102 2005), we will find a negative relationship between exploratory behavior and the expression of 103 the FOR gene. Finally, we ask where and when can exploratory individuals be found in a natural 104 setting. If colonies allocate exploratory individuals to where they are most needed, we expect to 105 6 find the least exploratory individuals inside the nest and the most exploratory individuals on 106 newly formed foraging trails. We further expect to find more exploratory individuals in the 107 spring, when colonies expand their range, compared to the winter. Exploratory behavior 111 Exploratory behavior of individual ants was quantified using an eight-arm maze with spices at 112 the end of each arm, following the methods in (Hui and Pinter-Wollman, 2014; Modlmeier and 113 Foitzik, 2011) ( Figure 1A ). An ant was placed in the center chamber of the maze for 5min and 114 we recorded the total number of visits it made to any spice as its exploratory behavior. A visit 115 was defined as an ant moving at least one body length into the maze arm leading to a spice. At 116 the end of each trial we cleaned the apparatus with ethanol and removed and replaced spices that 117 were touched by the ant.
118
To examine if exploratory behavior is a persistent trait we collected 66 L. humile ants from 119 a colony on the UCSD campus in October 2014. We housed the ants in individual containers, and 120 tested their exploratory behavior three times, on three consecutive days, once each day. We 121 determined the repeatability of exploratory behavior using ICC (Bell et al., 2009) .
122
To determine if the 8-armed maze assay reliably captures exploratory behavior we 123 compared the exploratory scores from the maze with the behavior of ants in an open field ( Figure   124 1B, C). We collected 90 more L. humile workers on February 2015 from a colony on the UCSD 125 campus and housed them in individual containers. On the first day after collection, each ant was 126 tested in the 8-armed maze. On the second day, each individual was placed in an open plastic box 127 (11x11cm) with fluon coating its walls to prevent the ant from escaping. We recorded the 128 7 movement of the ant with a video camera for 5min. We then used the tracking software AnTracks 129 (https://sites.google.com/view/antracks) to determine the length of each ant's walking path during 130 these 5min and its path tortuosity, measured as the standard deviation of the turning angle (Adler 131 and Gordon, 1992) . We then examined the relationship between distance traveled or path tortuosity 132 with the number of spices visited in the 8-armed maze using Pearson's correlation. XLT cDNA SuperMix (Quanta Bioscience). cDNA was stored at -80 degrees and briefly 161 transported on dry ice before being thawed and used for qPCR assay. made to spices in the 8-armed maze in the preceding day (Pearson's correlation: r = 0.28, p = 0.01; 230 Figure 2 ). Interestingly, we did not detect a significant relationship between an ant's path length 231 and its tortuosity (Pearson's correlation: r = -0.16, p = 0.16), nor was there a significant relationship 232 between path tortuosity and the number of visits to spices in the 8-armed maze (Pearson's 233 correlation: r = 0.03, p = 0.77). one sided Wilcoxon test: winter: V = 120, p = 0.0003; spring: V = 78, p = 0.001; Figure 1D , E).
256
In both seasons, the most exploratory individuals were found on the low-use trails and the least The amount of exploration an L. humile worker exhibits is a repeatable trait that is mediated, at by the amount of light that foragers (but not nurses) are exposed to (Ingram et al., 2016) . Thus, it 302 is possible that the exposure of exploratory individuals to light when they are outside the nest 303 may control the expression of the FOR gene. This hypothesis may be tested by comparing the 304 FOR gene expression between exploratory individuals from low-use trails and less exploratory 305 individuals from high-use trails. Both of these workers potentially have a similar exposure to 306 light but they differ in their exploration.
307
Exploratory behavior has ecological significance at both the individual and collective 308 levels. First, we showed that exploratory behavior, quantified in a simple 8-armed maze, is 309 equivalent to the, more ecologically relevant actual distance that an ant travels in an open space 310 ( Figure 2) . Interestingly, path tortuosity did not relate to distance traveled in an open field or to 311 the exploration of an 8-armed maze. Previous work showed that as the path tortuosity of ants' 312 paths increases, interaction rate decreases (Pinter-Wollman et al., 2011) . Thus, our inability to 313 detect a relationship between path tortuosity and exploratory behavior suggests that exploratory 314 behavior does not necessarily affect interaction patterns, which are known to regulate collective 315 actions, such as foraging activity (Greene and Gordon, 2007; Pinter-Wollman et al., 2013) . Thus, 316 the amount of exploratory behavior exhibited by ants in a colony, likely has a greater impact on 317 the area a colony can reach, because exploratory ants travel far, rather than on how the colony 318 coordinates its activities.
319
Exploratory individuals were allocated to where they were most needed and at the 320 appropriate time of year. In natural conditions, we expect ants that have high exploratory 321 behavior to travel to remote locations and cover more ground than other individuals. Therefore, 322 we expected that exploratory individuals will be allocated to where long-distance traveling is 323 most needed. Indeed, we found that ants on low-use trails were more exploratory than those on 324 high-use trails. Half of the low-use trails went into trees (personal observations), where ants 325 often feed on honeydew from aphids. Aphids can move around, and so it is possible that 326 exploratory behavior would help locate them. In contrast, high-use trails went towards trash-cans 327 (personal observations), which are a reliable, constant, food source that does not move, and 328 therefore does not require much exploration. Previous work on high-use trails (Flanegan et al., 329 2013) showed that certain individuals will occasionally leave these trails and find new resources 330 that are adjacent to the trail. It is possible that these meandering ants are more exploratory than 331 individuals on the main trail and that variation in exploratory behavior on high-use trails is 332 beneficial for finding new resources along the path to an established resource.
333
Tasks performed inside the nest, such as nursing and cleaning, likely do not require as 334 much exploratory behavior as tasks performed outside the nest, such as seeking for new food 335 sources, because the space inside the nest is smaller than outside. Indeed, ants outside the nest, 336 especially on low-use trails, were significantly more exploratory than ants inside the nest. It is 337 possible that the similarity between exploratory behavior on high-use trails and inside the nest, 338 especially in spring (Figure 4) is a result of the way we sampled ants from inside the nest. If 339 many foragers are waiting near the nest entrance to be recruited, sampling ants from the top 340 portion of the nest, as we did here, would potentially include a greater proportion of foragers 341 than samples from deeper in the nest that may reach more brood caretakers. Thus, sampling ants 342 from deeper inside the nest might have produced a greater difference in exploratory behavior 343 between ants collected in the nest and on high-use trails, however, such sampling would be 344 destructive and might have disturbed colony activity.
345
Finally, exploratory behavior was more predominant in the spring, when more food is 346 available and when L. humile colonies expand their local range (Heller and Gordon, 2006) , 347 19 compared to the winter. Thus, colonies allocate exploratory individuals both spatially and 348 temporally, based on the collective 'needs' of the colony. It is possible that when the weather is 349 warmer ants move faster and therefore are more exploratory. It is further possible that 350 temperature plays a role in the expression of the FOR gene, just as exposure to light does 351 (Ingram et al., 2016) . Further studies of the proximate mechanisms that underlie differences in 352 behavior at the individual will uncover the ways in which the emergent collective behavior of the 353 colony responds to changes in its environment. 
